Food authenticity such as illegal substitution of frozen meats for fresh meats is one of the public concerns within the food authorities, industry, and consumer groups. An enzymatic method based on the activity of β-hydroxyacyl-CoA-dehydrogenase was used aiming to differentiate between fresh/chilled and frozen pork meats. The β-hydroxyacyl-CoA-dehydrogenase activity for meat samples was respectively determined as received (X 0 ) and after a frozen (for 72 h at -18 • C) and thawed cycle (X 1 ). A database of the R1 values (X 0 /X 1 ) was established from the measurement of β-hydroxyacyl-CoA-dehydrogenase activity of authentic fresh, chilled and frozen meats. Results showed that the R1 values were normally distributed after taking a natural logarithm and were independent on the positions where the porcine samples were taken from the carcasses. The R1 values were significantly higher for frozen meats than others due to the increased release of β-hydroxyacyl-CoA-dehydrogenase from damaged cells. When the literature R1 value was applied to the database, it gave false positive rates ranging from 4.8 to 5.7%. This was probably caused by interspecies variation. A new local cut-off R1 value of 0.60 was then determined from the 99th percentile of the data distribution of authentic fresh and chilled samples. The local cut-off R1 value was validated with market samples and all samples were found to be labelled correctly.
INTRODUCTION
Pork is the major and most consumed meat in the Chinese community. Therefore, it is not surprising to learn that China is the world's leading pork producer, with an estimation of 51.3 million metric tonnes of pork (which comprises about 63% of the nation's total meat production) in 2012. [1] Hong Kong, on the other hand, has a much smaller scale pig husbandry industry and the quantity produced is not sufficient enough to fulfill the local needs. It is estimated that the Hong Kong economy will have had a consumption of 116,000 metric tonnes of pork or 1.67 million heads in 2012, of which over 94% of the supply will be imported from China. The unfortunate outbreak of blue ear 74 CHEUNG ET AL. pig disease in 2007 to 2008 in China has resulted in a large reduction of pork production and a sharp increase of retail price. The price of live pigs, in particular, has kept on a rapid rising pace over the past few years. For example, it rose by 38% during 2010 to 2011. [2] Owing to the extraordinary high consumption, some unscrupulous traders might be tempted to sell thawed frozen pork as freshly slaughtered pork or chilled pork as the latter is more favorably perceived by most of the people in Hong Kong. Taking into account the price difference of about 10 to 30%, the incidence of illegal sale of cheaper thawed frozen meats as freshly slaughtered or chilled meats to local customers cannot be excluded. In order to protect consumer rights and to provide scientific evidence to support law enforcement authorities, the development of a reliable and effective method to differentiate between fresh/chilled and frozen pork is deemed important.
A number of methods based on different principles have been reported to differentiate a variety of fresh and frozen meats such as sensory detection, [3] comet assay, [4] enzymatic assay, [5] visible and near infrared reflectance spectroscopy, [6] nuclear magnetic resonance, [7] and scanning electron microscopy. [8] Amongst these feasible methods, enzymatic assay has been extensively used and is recommended as the method of choice [9] for such a purpose. The enzymatic assay relies on the leakage of enzymes from the ruptured mitochondrial membrane caused by intracellular ice crystals into the exudate during freeze-thawing. Authentication of meat nature can then be ascertained through the measurement of enzymatic activity. The β-Hydroxyacyl-CoA-dehydrogenase (HADH) based method was proved to work effectively, [10] in which HADH catalyzes the biochemical conversion of acetoacetyl-CoA and nicotinamide adenine dinucleotide (NADH) as described in the following equation:
The activity of HADH can be measured spectrophotometrically. This methodology has been commonly used to differentiate between fresh and frozen meats in beef, [3] fish, [11] frog, [12] poultry, [13, 14] pork, [15, 16] and shellfish. [17] It is considered as one of the pivotal analytical tools for assessing mislabeling of thawed meat sold as fresh meat by food authorities worldwide. For instance, some previous studies reported that 8% of 534 test samples in the United Kingdom [16] and 15% of 43 test samples in Switzerland, [18] respectively were wrongly declared as fresh. However, the enzymatic method is known to be affected by study species and might also be dependent on the use of refrigeration technology on frozen meats. In view of the limitation of the method, this article presents the use of a HADH method for differentiating between local fresh/chilled from frozen pork. The objectives of the project aimed at (1) studying the suitability of the method on different pork meats that were taken from various parts of imported Chinese porcine species, (2) establishing a reliable cut-off value (R1) from the experimental results for authentication, and (3) validating the robustness of the cut-off R1 using market samples. For comparison purposes, the literature cut-off R1 reported [16] by the Ministry of Agriculture, Fishery and Food of the United Kingdom on the local samples was also investigated.
MATERIALS AND METHODS

Chemical Reagents
Acetoacetyl coenzyme A (Acetoacetyl-CoA), obtained as a sodium salt hydrate, β-nicotinamide adenine dinucleotide, reduced (β-NADH), obtained as a disodium salt hydrate were purchased from Sigma-Aldrich (St. Louis, MO). Sodium phosphate monobasic monohydrate (NaH 2 PO 4 ), sodium phosphate dibasic dihydrate (Na 2 HPO 4 ) and ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA) were of analytical grade. Phosphate buffer (0.1 M) at pH 6 was prepared by dissolving 12.1 g of NaH 2 PO 4 and 2.19 g of Na 2 HPO 4 in 1 liter of distilled water. EDTA solution (34.4 mM) was prepared by dissolving 0.64 g of EDTA in 50 ml of distilled water. NADH (7.5 mM) and acetoacetyl-CoA (5.9 mM) reagents was respectively prepared by mixing 0.03 g of β-NADH in 5 ml of water and 0.01 g of acetoacetyl CoA in 2 ml of water.
Collection of Meat Samples
Pork samples were divided into three main groups: Authentic fresh, chilled, and frozen meats. The samples originated from a common Chinese porcine species imported to Hong Kong and were collected with the assistance from the local food authority. The concerned major pig breed is a cross breed of Duroc, Large White and Landrace. Fresh meats from 11 different locations on the porcine carcasses ( Fig. 1) were taken directly from a government slaughter house from November 2011 to May 2012. Authentic chilled and frozen pork meats were randomly collected (February to June 2012) from cold cargo containers with consent from the traders during the inspection at the frontier import control office located at the border. The authentic fresh and chilled samples were used to build the database for the establishment of the local cut-off R1 value while the authentic frozen samples were tested to confirm the validity of the new local cut-off R1 value.
Preparation and Treatment of Meat Juice
The procedures were adopted using the approach of a previous method, [13] with some modifications to improve the production of good quality of meat juice. In brief, two meat cubes with a dimension of approximately 30 × 30 × 30 mm were cut initially from each of the pork samples received. For certain carcass parts (e.g., lower foot, jowl, and ribs region) which the 30 × 30 × 30 mm cubed meat samples were difficult to be obtained, two to three pieces of samples were collected in close proximity from the same piece of meat and were combined as one sample for the analysis. One of the meat cubes was then analysed immediately for determination of X 0 , while the other was analysed after three days of being frozen (at -18 • C) for the determination of X 1 (vide infra). The meat cube was placed inside a zipped plastic bag which was positioned between two perspex plastic plates in a hydraulic press machine. Meat juice was obtained by exerting a pressure of about 30 kg/cm 2 on the plastic bag for 0.5 to 1 min at room temperature (20 ± 5 • C). Frozen samples were left in a refrigerator at 4 • C overnight prior to commencement of the juice pressing experiment. The juice was transferred to a 10 ml plastic centrifuge tube with a Pasteur pipette and was centrifuged at 10,000 rpm at 4 • C for 3 min to precipitate tiny meat debris. A clear liquid aliquot of 50 μl was accurately pipetted into a 10 ml volumetric flask and made up to the mark with 0.1 M of phosphate buffer (a dilution factor of 1:200). The sample solution was ready for spectrophotometric measurement.
Determination of HADH Activity and R1 Value
An aliquot of 0.1 ml of diluted juice solution and 0.05 ml of 7.5 mM NADH were accurately added into a test tube that contained 2.6 ml of 0.1 M phosphate buffer and 0.2 ml of 34.4 mM EDTA. The mixture was shaken for 10 s, transferred into a quartz cuvette and immediately followed by pipetting 0.05 ml of 5.9 mM acetoacetyl-CoA. The test solution was vortexed for a few seconds and the cuvette was inserted into the cuvette holder in the UV-Vis spectrometer (Perkin Elmer Lambda 35 UV/Vis/NIR Spectrometer). Measurements at 340 nm were recorded at time t = 1 and 4 min, with the temperature controlled at 20 ± 5 • C using the built-in Peltier thermostatted sample holders. The HADH activity (U.ml −1 ) is expressed as:
where V is the volume of the solution mixture in the cuvette (ml); ε is the extinction coefficient of NADH, which is 6.22 mmol −1 cm −1 at 340 nm; d is the optical length of the cuvette (cm); v is the volume of diluted meat juice (ml); E is the rate of decrease in absorbance per minute (min −1 ), and k is the dilution factor. The rate of decrease in absorbance per minute, E (min −1 ) is calculated by:
where A o and A 3 are the determined absorbance at 1 and 4 min, respectively and t is the reaction time (3 min). The HADH activity of the authentic fresh, chilled and frozen meats were measured as received and these values were defined as X 0 . Some quantities of the respective samples were frozen at -18 • C for 72 h in the laboratory followed by a thaw cycle, and the HADH activity of these test portions were defined as X 1 . The ratio of the activities (X 0 /X 1 ) was termed the R1 value. The R1 value reflects the level of HADH activity before and after a frozen and thawed cycle. Theoretically, there would be little or no change in the HADH activity for frozen meats which undergo additional frozen and thawed treatment. So samples are regarded as having been subject to frozen treatment when the R1 value is close to 1.
Statistical Analysis
A normality test (Kolmogorov-Smirnov test) was used to determine the distribution pattern of the R1 value data set of each meat group, the Grubbs test was used to identify outliers within the population and one-way ANOVA was used to evaluate the statistical variation of the R1 values amongst the meat groups.
RESULTS AND DISCUSSION
A total of 105 pieces of authentic fresh meat from 11 different locations on pig carcass and 105 pieces of authentic chilled meat were used for the study. The R1 values of the authentic fresh and chilled samples ranged from 0.088 to 0.533 and 0.079 to 0.539 with mean value at 0.250 and 0.256, respectively. The data were widely dispersed with a respective relative standard deviation of 42.2 and 38.3%. Although the mean R1 value of the authentic chilled samples was slightly higher than those of the fresh, no significant difference was found using the ANOVA test. The normality test showed that the R1 values of both authentic fresh and chilled samples had a right-skew distribution. However, the data sets were found to be normally distributed (P values > 0.05) when the data was manipulated with a natural logarithmic transformation (Fig. 2) . The respective distributions of ln (R1) values for samples in the authentic fresh, chilled and frozen pork sample groups were also illustrated in Fig. 3 . This indicates that no specific difference was observed when different types of meat were taken from the pig carcasses. It also demonstrated that the HADH method is useful and applicable for differentiation of pork samples without any particular concern on where the samples were taken. No outlier data was detected by Grubbs test for the three data sets. Another 100 authentic frozen samples were collected in the study. The mean R1 value of 0.987 (ranged from 0.606 to 1.62) was significantly higher than all other samples. Some of the R1 values in the authentic frozen samples were found to be greater than unity (an indication of lower enzymatic activity than the original frozen meat). This observation was likely to be caused by the increased amount of decomposed cells during the thawed period and led to a decreased release of HADH enzyme. Overall, the experimental data were shown to be statistically applicable to differentiate the frozen from the fresh/chilled pork meats on the basis of the R1 value. The R1 values for all samples are summarized in Table 1 . Similar differentiation methodology was reported in a previous study [10] on poultry which showed that discrimination between fresh and thawed meat was only possible if the meat was frozen at or below -12 • C. Another collaborative trial [19] on HADH assay even reported that a temperature of -18 • C was necessary for the differentiation.
Determination of Cut-Off Value
The literature R1 cut-off value of 0.47 for pork meat [10] was put to use in the data sets. It worked well for all the frozen meats; however, it produced a false positive rate of 4.8 and 5.7 % for the authentic fresh and chilled samples, respectively. The finding was considered to be attributed 78 CHEUNG ET AL. from the different pig species used in the UK study compared to the present study as well as differences in frozen temperature and duration. The literature reported cut-off was therefore not appropriate for use in the Hong Kong situation and a new cut-off was required to address the local needs. Since no significant variation was observed between the authentic fresh and chilled samples, the two sets of data were pooled together to form a database. The database represented a good coverage of the R1 values for the authentic fresh and chilled samples that was expected to fall within a prescribed level of probability, and hence a reliable cut-off R1 value could be accordingly derived. In this study, the 99th percentile of the distribution was selected for use and was defined as the cut-off value for local porcine species and was calculated to be 0.60. As shown in Fig. 4 , all of the local authentic samples collected in this study were correctly identified as either fresh/chilled or frozen by applying the respective cut-off value. In order to test the robustness of the assigned cut-off value in the subsequent surveillance studies for authentication purpose, a number of different pork meats purchased from the local markets were used to validate its applicability. Any samples having a R1 value exceeding the cut-off were labelled as frozen, otherwise classified as fresh/chilled meats. A total of 60 market samples comprising (1) claimed fresh/chilled (30 samples) and (2) frozen pork (30 samples) were tested in the same manner as the authentic fresh/chilled/frozen samples. In brief, two meat cubes of correct size were cut from each market sample. One of the meat cubes was analysed immediately to obtain an X 0 value. The other meat cube was frozen in a freezer for three days, then thawed and analysed to obtain the corresponding X 1 value. Ideally, the X 0 /X 1 ratio for the market-claimed frozen pork would be close to 1.0 while that for the fresh/chilled pork would be expected, based on the validation assay, to be less than 0.6. All the samples were found to be claimed correctly as fresh/chilled or frozen accordingly.
CONCLUSION
An authentication method for Chinese fresh/chilled and frozen pork meat supplied to Hong Kong based on the measurement of HADH activity was validated. The method showed insignificant variability for meat samples taken from various positions of the porcine carcass. In addition, the results of enzyme activity showed it was possible that there could be interspecies variations and that the literature cut-off value of 0.47 was not applicable to local pork meat. A local database for fresh/chilled and frozen meats was therefore established and a new R1 cut-off value was established. The new cut-off value was successfully applied to achieve the differentiation such that no false positive and negative results were obtained for those authentic samples. In addition, a validation process with 60 market samples showed that all samples were correctly declared. The developed cut-off value could be used in the subsequent food surveillance programs for authentication of fresh/chilled and frozen pork meats.
